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Abstract
The intricate nanostructures of layered titanates are unique among nanomaterials due to
their easy and inexpensive syntheses. These nanomaterials have been proven valuable for use in
industries as varied as energy, water treatment, and healthcare, and can be produced at industrial
scales using already existent equipment. They have complex morphology, and surface structure
well suited to chemical modification and doping. However, there is a longstanding debate on
their lattice structure after the doping. There is a long-unmet need to understand, using both
experimental and simulation methods, how dopants alter the clay-like layered crystal structure
and associated physical and chemical properties. This thesis describes a scheme to compare data
extracted from computational models of a doped version of the layered titanate H2Ti3O7 with
experimental data derived from doped samples. Iron and manganese dopants were simulated at
different sites in the crystal structure, and structural, electronic, and magnetic properties were
investigated. XRD methods (simulated and experimental) were used to examine changes in
crystal structure; EDX and XPS proved useful in investigating dopant integration and looking for
indicative bonds. It was determined that differences in structural models due to doping site were
too miniscule to provide unambiguous matching with experiment. Further, questions arose as to
the fidelity of the models to the synthesized product. Some simulated data remains to be
compared, and future work should focus on scaling simulation to match more closely
experimental conditions.
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1. Introduction
1.1. Research Motivation
This research began as an effort to better understand how magnetic dopants such as iron
and manganese could be integrated into layered titanate nanofiber lattices. Layered titanates are a
class of titanium dioxide nanomaterials uniquely suited for exploitation; they are economical to
manufacture due to the robustness, yield, and the inexpensive nature of their scalable synthesis
method1. They can be produced in a variety of morphologies and are easily amenable to chemical
modification. Existing research on applications as wide-ranging as photocatalysis, water
treatment, energy storage (as a lithium-ion battery anode material), and implant scaffolding for
drug-delivery1 spurred this effort to examine the effect of magnetic doping on these materials.
A collaboration between two labs, one specializing in computational solid-state physics
and the other in nanomaterials synthesis and applications, is expected to integrate and escalate
the two separate domains of expertise uniquely via one student. Computational modeling was
found to be scarcely applied in the study of layered titanates, and never at the level of the most
fundamental unit of crystal structure. On the experimental side, a modification of the
hydrothermal synthesis procedure was able to produce nanofibers doped with iron or manganese.
However, little was known about how these dopants were integrated into the nanofibers.
The emergent hypothesis was that computational models corresponding to different cases
of layered titanate doping could support characterization data and help optimize the synthesis. It
would thus be possible to determine the crystal structure of the nanofibers without recourse to
more accurate but more expensive or troublesome characterization methods (such as neutron
diffraction studies). By analogy, a lineup of structural models would be developed for the
different doping scenarios, and these models would be compared to experimental results.
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1.2. Properties of Layered Titanates
Layered titanates (also called polytitantic acids) are a class of titanium compounds
distinguished by the presence of titanium-oxygen octahedra that form anistropic layers1. Layered
titanates are distinct from both titanium dioxide (TiO2) and perovskite titanates. Unlike TiO2,
layered titanates are not bound to a strict 1:2 ratio of titanium to oxygen1. The various
arrangements of titanium-oxygen octahedra (typically one titanium atom at the center of the
octahedron and six oxygen atoms forming the vertices) allow a greater variety in the Ti:O ratio1.
Perovskite titanates share these characteristic octahedra but lack a layered structure; the
octahedra share vertices and form a cage around a cation1. Layered titanates instead have edge or
face-sharing arrangements of octahedra separated by an interlayer space1. Cations collect in the
interlayer space due to a negative charge from the octahedral formations2. Layered titanates
exhibit more varied chemistry than titanium dioxide nanomaterials due to the ion exchange
capability of this interlayer space1,3.
Layered titanates commonly possess the chemical formula M2nTimO2m+n • H2O, where M
is an interlayer cation1. A jagged, monoclinic structure results1. Another variety of layered
titanate is the lepidocrocite form with a structure of AxTi2-yMyO4 (A is an interlayer cation and M
is a vacancy)2. Lepidocrocites have a smoother, orthorhombic form2. Their crystal structures
defy easy analysis, which is not helped by the tendency of titanates to change phase during
synthesis or in storage1,3. X-ray diffraction (XRD) profiles cannot easily distinguish the T:O ratio
or octahedral arrangement of such small particles with so many structural similarities1,3.
Layered titanates were first synthesized as open-walled nanotubes by Kasuga et al. via an
alkaline hydrothermal synthesis method4,5. Nanoparticles, nanoribbons, nanowires, and
nanosheets were subsequently developed6. Economic interest in layered titanates is motivated in
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part by the low cost of the starting materials (water, alkaline solution, and TiO2), small
environmental footprint, high yield, and robustness of the process1.
Layered titanates are being investigated for use in lithium batteries as an anode material1.
They promise to be more reliable and long-lived than carbon anodes owing to reduced
morphology change during the charge-discharge cycle1,3. Layered titanates have high specific
surface area and an accessible interlayer with space for cation attachment, so they have excellent
potential for adsorption and catalysis1,2. Active catalysts can be easily integrated as layered
titanates readily absorb metal cations in aqueous solutions3. The hydrophilic properties of
layered titanates also combine with the biocompatibility of titanium to make them a good choice
for scaffolding in medical implants1. Titanate nanotubes can adsorb and desorb hydrogen over
pressure and temperature ranges that are more practical for industrial use than their competitors3.
Layered titanates can also be used to tailor the properties of TiO2 nanostructures1, such as by
tuning the properties of TiO2 solar cells3. TiO2 is a popular photocatalyst; however, its band gap
(approximately 3.2 eV) restricts activity to the UV spectrum7. Therefore, techniques are sought
to alter the TiO2 structure through doping so as to shift the photocatalysis window into the visible
light region.

1.3. Synthesis
Layered titanate nanostructures began with the work of Kasuga et al.4 in 1998. Inspired
by the recent rediscovery of carbon nanotubes and dissatisfied with the large size (70-100 nm) of
TiO2 nanotubes produced by porous template molds, they created a hydrothermal synthesis
procedure to produce smaller TiO2 nanotubes. They prepared anatase phase TiO2 crystals via a
sol-gel method, combined the powder with sodium hydroxide (NaOH) in concentrations of up to
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20 M, and heated the product in a Teflon vessel for 20 hours at up to 110 °C. The product was
then washed with distilled water and hydrochloric acid (HCl) aqueous solution. The end results
were nanotubes containing titanium and oxygen and with diameters of ≈8 nm and lengths of
≈100 nm. A follow-up study5 study revealed the inner diameter of the nanotubes to be ≈5 nm.
In these foundational studies, it became apparent that the variables of the synthesis
method could be tweaked to diverse effect. Later applications of the hydrothermal synthesis
method would use a variety of different TiO2 precursors, NaOH solution concentrations, and
temperatures to produce titanate nanotubes more efficiently, as well as nanofibers and
nanoribbons8. Morphology was best determined by transmission electron microscopy (TEM) or
gas adsorption models9.
Details of the synthesis method remain a point of contention in the literature. The
approach first advanced by Kasuga et al. suggested that Ti-O-OH and TI-O-Na bonds were
formed during the reaction of the TiO2 and NaOH, with the HCl treatment then removing Na+
ions and causing titanium and oxygen to rebond into an sheet-like anatase form which then
formed nanotubes by folding in on itself5. However, other works found the HCl treatment
unnecessary and that NaOH reaction was enough to produce the nanotubes10. Other
interpretations suggested a formation mechanism where Ti-O6 octahedral assemblies
disassociated in response to NaOH and realigned along their edges8.
The 2006 review by Bavykin et al.3 summarized several interpretations of the crystal
structure of titanate nanotubes while illustrating the difficulties causing controversy. These
difficulties include the large number of crystal modifications for TiO2 and layered titanates,
small crystal size, and the ability of the nanotubes to undergo phase transitions under a variety of
conditions. From this, Bavykin et al. concluded titanate nanotubes to be composed primarily of
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hydrogen trititanate (H2Ti3O7) mixed with other layered titanates.
The determination of H2Ti3O7 as the dominant component of titanate nanotubes produced
by hydrothermal synthesis was first suggested by Chen et al.11 Interestingly, they were not able
to determine the crystal structure by direct XRD analysis, but instead used “trial-and-error
methods involving structural model building, image and diffraction simulations, and comparison
with experimental results.”11 These results were confirmed eleven years later by powder neutron
diffraction studies conducted by Kataoka et al.12 The methods used in the present investigation
thus have a basis in the foundations of this research area.

1.4. Doping
The meaning of “doping” in the context of layered titanates can be ambiguous; the term
is best reserved for the replacement of titanium atoms within the octahedral complexes by a
different atom (substitutional doping) or the insertion of an atom into the existing octahedral
complex without replacement (interstitial doping) rather than ion-exchange within the channel
(such as occurs during the washing of freshly prepared nanotubes)1. Both substitutional and
interstitial doping in layered titanates have been documented4, and another possible case may
exist: void doping, where dopant inhabits the unit cell’s channel without engaging in any ionexchange.
Iron doping (Fe-doping) of layered titanates has been reported in the literature. Han et
al.13 conducted hydrothermal synthesis in an iron vessel and produced Fe-doped hydrogen
trititanate nanorods and nanofibers. The electronic band gap was shown to decrease and the
material displayed ferromagnetic qualities. Energy-dispersive x-ray spectroscopy (EDX) data
observed an iron atomic concentration of 0.5% and in-situ XRD analysis displayed an extremely
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weak iron peak. They concluded the iron had undergone substitutional doping (Fe3+ or Fe2+) by
examining the nanofibers for accumulations of iron nanostructures with TEM. Hussain et al.14
also created Fe-doped titanate nanotubes, this time via a hydrometallurgical process. They found
an increased conductivity upon additional Fe-doping. They concluded the doping was
substitutional based on the absence of new peaks in their XRD analysis. This was in contrast to
Han et al.13 who did observe an additional XRD peak but based their argument for substitutional
doping primarily on visual inspection and an argument for the similar atomic radii of Fe3+, Fe2+,
and Ti4+.
These observations on Fe-doped nanotubes do not rule out the void doping scheme.
Further, this work was differentiated by the choice to use iron oxide powder in the synthesis
rather than relying on reactions with the vessel wall or a hydrometallurgical process.
Manganese doping (Mn-doping) in nanotubes is scarcely reported in the literature, though
Zhang et al.15 and Jayabharathi et al.16 reported Mn-doping in TiO2 nanospheres. Sun et al.
reported transition metal (cadmium, zinc, cobalt, nickel, copper, and silver) ion-exchange in
titanate nanotubes via an aqueous ammonia solution. Interestingly, their version of the washing
procedure included grinding the precipitate in alcohol using ultrasonic dispersion before oven
drying17.

1.5. Simulation
Direct ab initio computational studies on layered titanate nanotubes were believed to be
impossible owing to the number of atoms in the structures9. Nevertheless, a small number of
computational studies emerged. In comparison to the experimental literature, computational
work on titanates is still limited. The few existing studies present were focused almost
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exclusively on nanotubes.
Szieberth et al.18 modeled hydrogen trititanate nanotubes and Zhang et al.19 studied their
growth. Hart et al.20 studied the stability of nanotubes with different structures. Enyashin et al.21
compared the properties of several polytitanate nanotubes. Among their results were simulated
XRD diffractograms which differed very little between titanate variations and cast doubt on its
use for characterization. Ferrari et al. 22 studied the stability of dititanate nanotubes. Wang et al.23
compared the properties of sodium trititanate to other Ti-O based materials. De Angelis et al.24
allude to layered titanates in their comprehensive survey of theoretical work of TiO2 phases:
lepidocrocite titanates and dititanate nanotubes were briefly mentioned.
Most studies focused on the structural arrangement of titanate crystals, nanotube
formation, or a miscellany of simulated properties. All studies listed above used Density
Functional Theory (DFT) as implemented in various codes. There was an evident opportunity for
this research as no computational studies had examined the effects of doping layered titanates
with magnetic materials. Further, no phonon studies had been conducted.

1.6. Review and Context
An examination of the literature on layered titanates revealed a frenzy of experimental
literature sprawling in all directions of morphology, modification, and synthesis. Much dispute
was observed as early researchers sought to determine the chemical structure and identity of
nanotubes produced from the hydrothermal synthesis method, the debate on crystal structure
only being settled with the neutron diffraction data obtained by Kataoka et al.12 Computational
studies concerned themselves with large nanotube structures, never descending to the level of the
H2Ti3O7 unit cell, much less transition metal doping in any of several possible locations.
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This project thus occupied a unique realm: on one hand, unit-cell scale simulation of titanates
doped with magnetic materials; on the other hand, experimental characterization. The task then
was to see if atomic-scale changes in simulation could correspond to nano- and micro-scale
experimental characterization. If successful, this research would limit the amount of
characterization needed to identify changes in doped-titanate chemistry at the atomic level.
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2. Methods
2.1. Overview
A combination of computational and experimental techniques was used to characterize
doped layered titanate nanofibers. Computational models were generated using density
functional theory and analyzed to determine structural, electronic, and magnetic properties of
layered titanates. Several models of doped titanate that varied in dopant site, magnetic ordering,
and dopant species were created. Examination of these models, in combination with
experimental methods such as XRD, scanning electron microscopy (SEM), and x-ray
photoelectron spectroscopy (XPS) of synthesized nanofibers, was expected to provide insight
into how magnetic dopants were integrated into the fibers.
The specific layered titanate chosen was H2Ti3O7, an example of a layered titanate
produced by hydrothermal synthesis. The reaction of TiO2 powder with NaOH produces sodium
trititanate (Na2Ti3O7). After washing, the sodium atoms attached to the Ti-O octahedral
frameworks are exchanged for protons, resulting in the H2Ti3O7. Both trititanate are monoclinic
structures with similar Ti-O6 frameworks which display strong structural anisotropy12.

2.2. Structural Models
A model unit cell was constructed with parameters from Kataoka et al.12 The lattice
parameters were those of a monoclinic cell of space group C2/m: a = 16.03 Å, b = 3.75 Å, c =
9.19 Å, and β = 101.45°.11 This project differed from the literature by swapping the designation
of the b and c lattice parameters. Here, α is the angle formed by vectors b and c, β is the angle
formed by vectors c and a, and γ is the angle formed by vectors a and b. The unit cell contained
eight hydrogen, twelve titanium, and twenty-eight oxygen atoms. Atomic coordinates for the unit
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cell were determined from scratch with reference to figures from Kataoka et al.12 and Bavykin et
al.3, following which a 1 x 1 x 2 supercell of 96 atoms was constructed. The supercell lattice
parameters (including the swap mentioned before) are illustrated in Figure 2.1 and were as
follows: a = 16.90 Å, b = 9.49 Å, c = 7.58 Å, α = 90°, β = 90°, and γ = 104.83°.

Figure 2.1. Layered titanate supercell along various orientations
10

It was later determined that a crystallographic information file (CIF) describing atomic
coordinates for the primitive cell was available as supplementary material for Kataoka et al.12;
however, this would not have removed the need to manually construct the unit cell and then the
supercell. Absolute fidelity to experiment was not essential for preparing the structures, as the
planned DFT calculations were expected to result in a shift of atomic positions.
The computational investigation focused on three different variables: dopant species,
dopant placement, and magnetic coupling. The two dopants considered were either iron (Fe) or
manganese (Mn). The two dopant site cases considered were substitution (sub) doping and void
doping. Magnetic coupling was arranged to be either ferromagnetic (FM) or antiferromagnetic
(AFM). All subsequent models were based on the initial, unmodified supercell.
Accounting for two configurations for each of the three variables mentioned above, and
including a non-magnetic supercell, nine structures were examined in total. A note on
nomenclature is in order here, as the number of variables and the different structures necessitate
a shorthand for referencing them. Unmodified H2Ti3O7 may be referred to hereafter as the “base”
titanate. Modified structures may be referred to by their choice of dopant site, magnetic coupling,
and dopant species, in that order. For example, a structure with two titanium atoms swapped for
two antiferromagnetically-coupled iron atoms would be referenced as sub-AFM-Fe for short.
The two dopant site cases will now be described. The first case, sub-doping, required
substituting a titanium atom at a Ti−O6 octahedral complex, as seen in Figure 2.2. Two titanium
atoms were substituted for two atoms of either Fe or Mn. The total number of atoms in these
supercells remained 96. The second case had dopants inside the void between the octahedral
complexes (see Figure 2.3). The motivation for studying both sub doping and void doping was
that both options may have occurred in experiment. Since it would not require bond breaking,
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void doping was theorized to be more closely related to experiment.
The two possibilities for magnetic coupling considered were FM (magnetic moments
aligned in the same direction) and AFM (magnetic moments opposing each other). To prevent
interaction among magnetic moments, dopant sites were chosen, one in each unit cell, to
maximize separation between the atoms. The initial separation distance for both sub and void
cases was approximately 8.65 Å.

Figure 2.2. Model of substitution site Fe-doped titanate (dopants indicated by arrows).
2.3. Density-Functional Theory
DFT, a method of examining quantum mechanical systems based on the electron density
rather than an exact solution of the many body wavefunction25, was chosen to simulate the
structural, electronic, and magnetic properties of doped trititanates. DFT allowed for the
determination of numerous properties while obviating the need for any material characteristic
aside from atomic species and their positions.
12

Figure 2.3. Model of void site Mn-doped titanate (dopants indicated by arrows).
DFT calculations were performed with the Vienna Ab Initio Simulation Package
(VASP)26–29. Preliminary computations using the local-density approximation (LDA)30 resulted
in lattice vectors far from the experimental values, so a generalized gradient approximation
(GGA) with Perdew-Burke-Ernzerhof (PBE) exchange-correlation functionals31,32 was used.

2.4. Lattice Parameters
Structural optimization was performed with a 1 × 2 × 4 Γ-centered Monkhorst-Pack
k−point grid. For convergence of atomic positions to the ground state, the allowed error in total
energy was initially set at 10 − 3 eV and the maximum force criteria set at 10 − 2 eV/Å. As
convergence was achieved with these criteria, the parameters were tightened to a final allowed
error in total energy of 10 − 8 eV and a maximum force criterion of 10 − 4 eV/Å.
Lattice parameters were determined by examination of the converged structures. These
13

were first compared to experiment to establish basic plausibility of the structures in simulation.
Simulated lattice parameters were compared to establish any differences arising from choice of
dopant species, dopant site, or magnetic coupling. It was predicted such differences could be
mapped to similar properties in experiment.

2.5. Ground State Energies
Ground state energies were determined by examination of VASP outputs. The purpose of
gathering these data was to compare differences in energies between dopant sites and magnetic
couplings for a given dopant species. It was expected that a substantial difference in energies
could be used to establish whether sub or void doping was more energetically favorable. Not all
structures were subjected to full analysis, and ground state energies were used to exclude certain
structures from further investigation.

2.6. Magnetic Properties
It was desirable to know whether the structures would have significant magnetic
properties which could be compared to experiment. Initial magnetic moments for atoms were
determined according to Hund’s rules and set in VASP via the MAGMOM tag at the following
magnitudes: Ti = 1, Fe = 3, Mn = 5. Information on magnetic moments and spin occupations was
taken from VASP outputs.
Since H2Ti3O7 displays structural anisotropy, magnetic anisotropy was also investigated.
This was calculated by examining structural energies in [100] and [001] magnetization directions
(E100 and E001), and using Equation 2.1 from the “Force theorem.”33,34
MA = E100 − E001
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(Equation 2.1)

2.7. Band Structure and Density of States
Band structures and electronic density of states were calculated in VASP from a selfconsistent charge density using a 1 × 6 × 12 Γ-centered Monkhorst-Pack k-point grid. The
Brillouin zone of the monoclinic lattice is most closely described by Figure 16 of Setyawan et
al.35 and reproduced here as Figure 2.4. The location of the reciprocal lattice vectors for the
titanate models had one significant difference: the b3 vector passed through the MEC plane as
opposed to the MDH plane. This is likely due to having the lattice parameter β at more than 90°.
When calculating band structures, an alternate path through the lattice than that listed by
Setyawan35 was chosen so as to avoid any discontinuities: Γ-Y-H-C-E-M1-A-X- Γ-Z-D-M. This
k-path still connected all symmetry points listed in the path described in the literature (Γ-Y-H-CE-M1-A-X-H1|M-D-Z|Y-D)35. K-point coordinates are listed in Table 2.1 . Band gaps were
evaluated by examination of band structure plots in concert with eigenvalue data.
Band structure and density of state calculations were expected to provide band gaps
which could be compared with experiment (for the case of unmodified hydrogen trititanate) and
to predict band gaps for simulated structures. The choice of dopant site and species was expected
to have an impact on these properties. Density of states was expected to convey insight into
contributions to the band gap, as well as magnetic properties of the dopant atoms.
A note should be made here regarding the band structure calculations. It was mentioned
previously that PBE functionals were chosen. These functionals, while more accurate than the
LDA approximation, were expected to only approximate the true band structures. In particular,
band gaps would be underestimated36. It was intended the errors would be corrected by use of
Heyd-Scuseria-Ernzerhof (HSE) screened hybrid functional calculations36. However, while more
accurate, HSE calculations are also more computationally demanding than PBE and LDA
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Figure 2.4. “Brillouin zone of MCL lattice. Path: Γ -Y-H-C-E-M1-A-X-H1|M-D-Z|Y-D”
Fig. 16 of Setyawan.35
approaches. HSE proved computationally infeasible on available resources given the size of the
structures, but the approach remains a potential area for research continuation.
As an alternative to HSE calculations, Δ-sol method calculations were attempted to
provide a more accurate measure of band gaps compared to PBE Kohn-Sham gaps25. The Δ-sol
method examines the difference in energies between versions of a structure with more or fewer
valence electrons37. Its minimal computational requirements, simple implementation, and
promised 70% reduction in mean absolute error encouraged attempted use. Results, while
initially plausible, proved inconsistent, and further interrogation of the literature revealed the
16

Table 2.1. Symmetry point coordinates for monoclinic cell (fractional coordinates).
k-point
a
b
Γ
0.00
0.00
Y
0.50
0.50
H
0.71
0.54
C
0.00
0.50
E
0.00
0.50
M1
0.29
0.46
A
0.50
0.00
X
0.50
0.00
Z
0.00
0.00
D
0.50
0.50
M
0.71
0.54

c
0.00
0.00
0.00
0.00
0.50
0.50
0.50
0.00
0.50
0.50
0.50

Δ-sol method to work best on bulk materials with few valence electrons. It was not ideal for a
supercell with hundreds of valence electrons. Results from the Δ-sol method should thus be
subject to skepticism.

2.8. Charge Distribution
Bader analysis was conducted to approximate the distribution of charge among the atoms
in the structures. The approach examines charge density only, drawing lines between atoms by
identifying density minimums38. The codes used were developed by the Henkelman group39. The
analysis confirmed the negative charge of the Ti-O6 octahedral complexes reported in the
literature, and permitted examination of the differences in charge distribution between structures
with varying dopant sites and species. It would allow for the estimation of the oxidation state of
dopant atoms.

2.9. X-ray Diffraction Simulation
XRD data were simulated using the Visualization for Electronic and Structural Analysis
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(VESTA40) suite’s powder diffraction tool. The simulated wavelength was matched to that of the
1.5418 Å value used in the experiment. The approach was to compare simulated XRD data for
each structure and discover any pattern changes caused by choice of dopant species, dopant
location, or magnetic coupling. Such pattern changes could then be looked for in the
experimental XRD data.

2.10. Phonons
Phonons are quasi-particles expressing the vibrational energy within the crystal lattice. It
was expected that phonon frequency information would allow us to further investigate the
thermal and electrical properties of hydrogen trititanate. Phonopy code41 was used in an attempt
to calculate phonon frequencies. A 2 x 2 x 1 expansion of the existing supercell was constructed
and sets of forces were calculated using the default displacement values of 0.01 Å. Force
constants were then calculated from the force sets.
However, this effort was ceased after initial calculations on the base titanate produced
negative frequencies on the band plots. This is nonphysical because negative frequencies imply
negative energy. Attempts were made to correct these results by further relaxing structure. The
allowed error in total energy was allowed to reach 10 − 11 eV (at significant reduction in
computational efficiency) before this component of the investigation was halted due to lack of
improved results.

2.11. Core Level Binding Energies
VASP code was used to calculate core-level binding energies. The feature allowed for the
excitation of a selected number of electrons from a chosen principal quantum number n and
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azimuthal quantum number l for specified atoms. Specification of the magnetic quantum number
m was unsupported by the code.
It was expected that core-level binding energies would allow for the possibility of
comparing simulated values with the results of x-ray photoelectron spectroscopy. Although the
exact energy values would not be comparable, differences between these energies could have
provided support for experiment42. Unfortunately, calculations on sub-FM-Fe and void-FM-Fe
structures failed to produce results having any correspondence to experiment, so no further
investigation was pursued. As the VASP feature is little supported (a promised review of its use
methods has not been published in 14 years), a new tool will have to be found to continue this
line of inquiry.

2.12. Synthesis
Three titanates were synthesized (an unmodified titanate, an Fe-doped titanate, and a Mndoped titanate) via synthesis based on the alkaline hydrothermal procedure first used by Kasuga
et al.4 Degussa P25 TiO2 power (nanoscale mixed rutile/anatase phase TiO2)43 amounting to
0.375 g was added to 50 mL of a 10 M NaOH aqueous solution. For the Fe-doped titanate, 0.03 g
of 4% ferric oxide (Fe2O3) was added. For the Mn-doped titanate, 0.0163 g of manganese (IV)
dioxide (MnO2) was added. The solutions were stirred in a plastic cup using a magnetic stirrer
for 24 hours. The stirred solutions were poured into a Teflon hydrothermal vessel and reacted for
72 hours at 240 °C. The products were washed by repeated application of distilled, de-ionized
water followed by centrifuging. The products were tested using pH paper until a pH of 7 was
reached. (It should be noted the procedure outlined in Kasuga et al.4 called for washing the
synthesis products with 0.1 N HCl aqueous solution.)
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2.13. X-ray Powder Diffraction
XRD characterization was conducted in order to determine the crystallographic structure
of the nanofibers. This would presumably allow for the confirmation of any change in the crystal
lattice predicted by the doped structure models. However, as previously mentioned, XRD
analysis of layered titanates is difficult, and the encountered ambiguity was similar to that
reported in the literature1,3.
XRD samples were prepared by drying titanate solutions on silicon wafer substrates in a
60 °C drying oven for 24 hours. A Rigaku MiniFlex II Desktop XRD (Rigaku, Tokyo, Japan)
was used to gather XRD data, which was then processed using a parabolic Savitzky-Golay filter
of size 7.

2.14. Scanning Electron Microscopy and Energy Dispersive X-ray
SEM and EDX were used to examine the gross structure and elemental composition
(respectively) of the titanate nanofibers. SEM imagery would allow for comparison of the size of
the fibers against previously reported values. EDX data would confirm the presence of dopant
within the nanofiber, as well as the amount of dopant present.
SEM and EDX samples were prepared by initial drying as per the XRD samples, then
coated using gold sputtering equipment. Images were obtained using a FEI Nova Nanolab 200
(FEI, Hillsboro, OR USA) field-emission scanning electron microscope with energy dispersive
x-ray analyzer and focused ion beam.

2.15. X-ray Photoelectron Spectroscopy
XPS data were used to further gauge elemental composition and concentration. It was
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hoped most of all that XPS would provide insight into binding of magnetic dopants within the
nanofibers. It was expected the dopants would produce different bonds depending on the dopant
site (sub versus void), and these differences would be expressed in the XPS data. A PHI
VersaProbe XPS scanning x-ray monochromator (Physical Electronics, Chanhassen, MN, USA)
was used to collect this information.
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3. Results and Discussion
3.1. Lattice Parameters
H2Ti3O7 is a monoclinic crystal of space group C2/m12, as are the doped crystals
produced. The simulated base titanate lattice parameters agreed with experiment (less than 6%
increase). No choice of variable changed the resulting crystal structure. α and β beta values
remained 90°. All relaxed structure lattice parameters are listed in Table 3.1.

Table 3.1. Titanate lattice parameters.
Structure
H2Ti3O712
base
sub-AFM-Fe
sub-FM-Fe
sub-AFM-Mn
sub-FM-Mn
void-AFM-Fe
void-FM-Fe
void-AFM-Mn
void-FM-Mn

a (Å)
16.02
16.90
16.94
17.02
16.96
16.96
15.29
15.35
15.43
15.44

b (Å)
9.18
9.49
9.41
9.41
9.44
9.44
9.17
9.20
9.18
9.18

c (Å)
7.50
7.58
7.60
7.59
7.58
7.58
7.56
7.54
7.58
7.57

γ (°)
101.42
104.83
104.59
105.10
104.90
104.83
102.62
102.74
102.68
102.82

Sub doping within the octahedra resulted in negligible change, both in comparison to the
base titanate and to each other (less than 1% difference). Void doping resulted in shrinking along
lattice vector a corresponding to a 9% decrease in width of the cell. The b lattice direction saw a
3% reduction, and c saw negligible change.
Channel width for the base titanate was 5.18 Å. Void and sub doped structures showed
similar channel widths (within 2-3% of the base case width). Distance between dopants for all
cases started at 8.65 Å before relaxation. For both iron and manganese sub doping, the relaxed
distance between dopant atoms averaged 7.58 Å. For void doping, the relaxed distance between
dopant atoms averaged 13.02 Å.
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All void doped structures featured dopants migrating in opposite directions to the borders
of the supercell during structural relaxation, after which they were halted by the cell boundary.
The initial position of the bottom two Mn atoms (purple) and their trajectories during relaxation
(indicated by arrows) in the void-FM-Mn case are shown in Figure 3.1 . The final dopant
position seen in Figure 3.2 is a function of the model’s boundaries, and if extended the dopant
atoms would continue to traverse the channel. It is unknown what effect another dopant atom in
the same channel would have on this movement.

Figure 3.1. Unrelaxed void-FM-Mn structure.
In summary, dopant site, but no other variable, had a significant effect on lattice
parameters of the structures. It may be possible to discriminate between the dopant sites by
examination of these parameters in experiment.
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Figure 3.2. Relaxed void-FM-Mn structure.
3.2. Ground State Energies
An examination of the ground state energies allowed for preliminary determination of the
most stable magnetic orientations for each dopant site and species, the results of which are
shown in Table 3.2.
Sub doped models showcased higher energies than the base structure, while void doped
models displayed lower energies than the base structure. In both cases, Mn-doped structures
showed ground state energies 3 to 6 eV lower than their Fe counterparts for the same dopant
location.
All else being equal, the structure with the lowest ground state energy is the most stable,
and thus most likely to be the result of the synthesis process. Void doped structures then are the
more likely outcome. However, the depression of ground state energies in the void doped
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Table 3.2. Titanate ground state energies.
Structure
base
sub-AFM-Fe
sub-FM-Fe
sub-AFM-Mn
sub-FM-Mn
void-AFM-Fe
void-FM-Fe
void-AFM-Mn
void-FM-Mn

Energy (eV)
-748.862
-739.376
-739.380
-744.494
-744.491
-763.289
-763.713
-767.154
-767.194

structures are explained by the addition of two atoms (98 for void doped versus the 96 for the
base and sub doped structures). Ground state energies per atom across all cases differ by no more
than 0.127 eV.
Regarding magnetic coupling, ground state value differences between the AFM and FM
counterparts for a given dopant location and species ranged from 0.03 eV to 0.5 eV. More
specifically, the energy differences between AFM and FM couplings in sub doped structures
proved to be on the order of 3 to 4 meV. Void doped structures showed a difference between
AFM and FM coupling of 0.03 eV for Mn and 0.42 eV for Fe. Mn-doped structures proved more
stable than Fe-doped by 3 to 5 eV.
For both sub and void doped cases, FM-Fe manifested a lower energy than AFM-Fe. For
Mn-doped structures, AFM-Mn was more stable for sub doping and FM-Mn for void doping.
Four structures were thus singled out as having the lowest energies for a given dopant site and
species: sub-FM-Fe, sub-AFM-Mn, void-FM-Fe, and void-FM-Mn.

3.3. Charge Distribution
Bader charge distribution analysis was performed on the base, sub-FM-Fe, sub-AFM-Mn,
void-FM-Fe, and void-FM-Mn structures. The distributions can be found in Table 3.3. Values
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represent the average number of electrons for each atomic species. For reference, the number of
valence electrons for an isolated atom of each species is given here as 4 for Ti, 6 for O, 8 for Fe,
and 7 for Mn.

Table 3.3. Average Bader charge distribution in titanates.
structure
Ti
O
base
1.372
7.412
sub-FM-Fe
1.375
7.387
sub-AFM-Mn
1.377
7.391
void-FM-Fe
1.412
7.239
void-FM-Mn
1.416
7.244

Fe
6.051
6.526
-

Mn
4.895
5.330

Bader analysis bears out the literature’s descriptions of negatively charged octahedral
complexes1, with the central titanium atoms donating charge to the oxygen atoms. Dopant
location, substitution versus void, affects the average number of electrons for titanium and
oxygen atoms more than the type of dopant, with void doping reducing the charge value for
oxygen while increasing it for titanium. The average oxidation state for both iron and manganese
dopants in all structures was approximately +2. The dopant atoms, like titanium atoms in the
octahedral complex, gave two electrons to neighboring oxygen atoms.

3.4. Magnetic Properties
The magnetic moments of selected dopant atoms are shown in Table 3.4 (where μΒ is the
Bohr magneton). The moments of sub-Fe structures (3.12 μΒ and 3.15 μΒ) and void-Fe structures
(3.47 μΒ and 3.36 μΒ) were comparable (9% difference). The moments of Mn-doped structures
were markedly different: sub moments (2.71 μΒ and 2.74 μΒ) were lower than void moments
(4.28 μΒ and 4.29 μΒ), a 57% difference.
Total magnetic moments for all structures can be found in Table 3.5. For the base
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Table 3.4. Magnetic moments of dopant atoms in layered titanates.
Structure
Magnetic moment (μΒ)
sub-AFM-Fe
3.12
sub-FM-Fe
3.15
sub-AFM-Mn
2.71
sub-FM-Mn
2.74
void-AFM-Fe
3.47
void-FM-Fe
3.36
void-AFM-Mn
4.28
void-FM-Mn
4.29
Table 3.5. Angular-momentum resolved and total magnetic moments of titanate structures.
Structure
s (μΒ)
p (μΒ)
d (μΒ)
total (μΒ)
base
0.00
0.00
0.00
0.00
sub-AFM-Fe
0.01
-0.04
0.04
0.01
sub-FM-Fe
0.12
1.16
6.40
7.67
sub-AFM-Mn
0.00
0.00
0.00
0.00
sub-FM-Mn
0.07
0.24
5.49
5.80
void-AFM-Fe
0.03
0.09
1.39
1.50
void-FM-Fe
0.05
0.66
3.21
3.92
void-AFM-Mn
-0.02
0.21
-1.14
-0.95
void-FM-Mn
0.10
0.37
6.07
6.55
structure, the natural magnetic moments of the isolated titanium atoms appeared to go away in
these structures, leaving no total magnetic moment. Sub-AFM structures possessed negligible or
zero total magnetic moments. Sub-FM-Fe received a large contribution to its total moment from
its oxygen atoms (1.11 μΒ). Sub-FM-Mn received contributions from its titanium and oxygen
atoms in addition to the manganese.
Void doped structures receive large contributions (magnitudes greater than 1 μΒ) to their
total moments from their titanium atoms. In all but void-AFM-Fe, the contribution from the
titanium atoms is negative. For both void-FM cases, the negative contribution from the titanium
atoms depresses the total moment to be less than the sum of dopant atom’s moments. For the
void-AFM cases, the titanium contributions shift the total moment away from zero.
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Structural anisotropy was accompanied by magnetic anisotropy (MA) in every doped
structure, as summarized on Table 3.6. H2Ti3O7 displays a structural anisotropy but no
magnetism, and hence no magnetic anisotropy. AFM-Fe structures displayed the greatest amount
of MA, while little divergence in MA was observed between sub-AFM-Mn and sub-FM-Mn
structures.

Table 3.6. Magnetic anisotropy (MA) of doped layered titanates.
Structure
sub-AFM-Fe
sub-FM-Fe
sub-AFM-Mn
sub-FM-Mn
void-AFM-Fe
void-FM-Fe
void-AFM-Mn
void-FM-Mn

MA (meV)
0.87
0.16
-0.10
-0.10
1.63
-0.15
-0.28
-0.16

3.5. Band Structure and Density of States
3.5.1. PBE Band Structure
The experimental band gap for the base titanate was found in the literature to be 3.36
eV12. The DFT simulated base structure had a band gap of 2.21 eV, or 66% of the experimental
value, and was determined via the Perdew-Burke-Ernzerhof exchange correlation, a popular
generalized gradient approximation31,32. It should be noted that DFT simulation routinely underreports band gaps in transition metal oxides25.
All doped titanates exhibited a reduction in band gap due to the pinning of electronic
states within, as summarized in Table 3.7. The reduction of the band gap due to Fe-doping is
already supported by experiment44. For sub doping, iron contributed to lower band gaps than
manganese. Accounting for the underreporting of band gaps, an upper limit for the experimental
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Table 3.7. DFT-PBE titanate band gaps.
Structure
Base
sub-AFM-Fe
sub-FM-Fe
sub-AFM-Mn
sub-FM-Mn
void-AFM-Fe
void-FM-Fe
void-AFM-Mn
void-FM-Mn

PBE (eV)
2.21
0.54
0.61
1.61
1.60
0.00
0.00
0.00
0.00

experiment (eV)
3.36
-

band gaps can be estimated at approximately 0.87 eV for substitutional sub-Fe structures and
2.43 eV for sub-Mn structures.
The base structure’s indirect band gap was created between the Z-point of the valence
band and the Y-point of the conduction band (see Figure 3.3). O 2p and Ti 3d orbitals
contributed to the valence band maxima and Ti 3d orbitals contributed to the conduction band
minima. The majority and minority spin bands were energy degenerate because the structure was
spin-unpolarized (non-magnetic).
As seen in Figure 3.4, the sub-AFM-Fe structure displayed an indirect band gap of 0.54
eV that now develops in between majority and minority channels. The dz2 orbital contributes to
the (majority) valance band maxima at the Γ point and dx2 − y2 orbitals are responsible for the
(minority) conduction band maxima at the A point.
The band structure for sub-FM-Fe is shown in Figure 3.5. The indirect band gap of 0.61
eV was reduced from the 2.21 eV magnitude for the unmodified titanate. The indirect band gap
was developed in the spin majority states between the X-point of the valence band and the A
point of the conduction band. The Fe dz2 and dx2 − y2 orbitals contributed to the valence maxima
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Figure 3.3. Band structure of base titanate.

Figure 3.4. Band structure of sub-AFM-Fe titanate.
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and conduction minima respectively. The solid green arrow in Figure 3.5 indicates that the gap
occurs with opposite spin polarization at bands.

Figure 3.5. Band structure for sub-FM-Fe titanate.
As displayed in Figure 3.6, the sub-AFM-Mn structure had an indirect band gap of 1.61
eV at the Y and E points of the spin majority bands. The Mn dyz orbitals contributed to the
valance band maxima and the Mn dz2 orbitals contributed to the conduction band minima.
Figure 3.7 indicates that the sub-FM-Fe structure had a direct band gap of 1.60 eV at the
E-point and of the spin majority channel. Mn dyz and dx2 − y2 orbitals contributed to the valance
band maxima and conduction band minima, respectively.
Void doped structures did not display band gaps. Simulation showed such doping shifted
the Fermi energy onto either the conduction or valence band. This may imply support for void
doping if experimental samples display semi-metallic characteristics.
Void-Fe structures (seen in Figure 3.8 and Figure 3.9) possessed nearly identical band
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Figure 3.6. Band structure of sub-AFM-Mn titanate.

Figure 3.7. Band structure of sub-FM-Mn titanate.
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Figure 3.8. Band structure of void-AFM-Fe titanate.

Figure 3.9. Band structure of void-FM-Fe titanate.

33

structures regardless of magnetic coupling. In both cases, minority bands are primarily
responsible for crossing over the Fermi energy line.
Both void-Mn structures (AFM in Figure 3.10 and FM in Figure 3.11) shared similar
band structures. Band transgression over the Fermi energy line was seen equally for both spin
majority and minority bands.

Figure 3.10. Band structure for void-AFM-Mn titanate.
3.5.2. Density of States
In Figure 3.12, Figure 3.13, Figure 3.14, and Figure 3.15, positive values indicate
majority spins and negative values indicate minority spins. Figure 3.12 displays the partial
density of states for a selected Fe dopant atom in substitution site structures. The prevalence of
nearly-filled spin majority states and lightly filled spin minority states indicated a system that
prefers a low-spin configuration. The PDOS in Figure 3.12(a) displays two peaks separated by
0.61 eV near the Fermi energy line. The peak below the Fermi level was contributed by the spin
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Figure 3.11. Band structure for void-FM-Mn titanate.

Figure 3.12. PDOS for dopant atoms in (a) FM and (b) AFM sub-Fe structures.
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majority dz2 channel, and the peak above Fermi level came from the spin majority dx2 − y2
channel. The energy separation between these two peaks established the DFT-PBE band gap. As
displayed in Figure 3.12(b), the band gap (0.54 eV) was created by the spin majority dz2 peak
and a tiny spin minority dxy peak. The spin majority dx2 − y2 peak is more pronounced when
compared to its ferromagnetic counterpart, and an additional peak from the spin minority dyz
orbital is prominent.
Figure 3.13 displays the partial density of states for a selected Fe dopant atom in
substitution site structures. For the sub-FM-Mn structure, the band gap (1.60 eV) was determined
by a spin majority dyz peak below the Fermi level and a small spin majority dz2 peak above the
Fermi level. These features also characterized the sub-AFM-Mn structure with its band gap of
1.61 eV and shown in Figure 3.13(b). The PDOS for sub-FM and sub-AFM structures differed
most notably by the existence of a pronounced dxz peak around 1.7 eV above the Fermi level on
the AFM structure.
The PDOS of void-Fe structures are compared in Figure 3.14. As previously stated, all
void structures showed band lines crossing the Fermi energy level. For the void-Fe structures,
this was predominantly caused by minority spin bands. Both FM(a) and AFM(b) structures,
negative dyz peaks contributed, though the AFM structure also features a strong positive dyz peak.
The PDOS of void Mn-doped structures are compared in Figure 3.15. The similarity of
the band structure plots was mirrored for the PDOS plots. A prominent band line below the
Fermi energy level for the void-AFM-Mn stricture was revealed to be the work of a dz2 peak,
backed up by a dx2− y2 and dxy peak. Besides the absence of the aforementioned peaks, the only
notable feature for the void-FM-Mn PDOS was a small positive dxy peak.
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Figure 3.13. PDOS for dopant atoms in (a) FM and (b) AFM sub-Mn structures.

Figure 3.14. PDOS for dopant atoms in (a) FM and (b) AFM void-Fe structures.
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Figure 3.15. PDOS for dopant atoms in (a) FM and (b) AFM void-Mn structures.
3.5.3. Δ-sol Band Gap
To produce more experimentally accurate band gaps, the Δ-sol method was used to
calculate band gaps for the base and substitution doped structures. The base structure Δ-sol band
gap was 94% of the reported experimental value. However, the other Δ-sol values proved
suspect, and further changes in the calculation parameters produced unreliable results. The first
series of results are reported in Table 3.8.

Table 3.8. Δ-sol band gaps.
Structure
base
sub-AFM-Fe
sub-FM-Fe
sub-AFM-Mn
sub-FM-Mn

Band gap (eV)
3.17
2.49
2.43
2.67
3.13
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3.6. Phonons
Phonon calculations on the base titanate resulted in negative frequencies, an unphysical
result implying negative energy. This could imply hydrogen trititanate is not stable at T = 0,
though it is more likely that the structure was simply too large to allow for sufficiently relaxed
structures in a timely manner. As three months of continued relaxation produced no
improvement in the phonon results for an unmodified supercell ( Figure 3.16), the latter
interpretation is favored.

Figure 3.16. Phonon frequency calculations for unmodified titanate.
3.7. X-ray Diffraction Simulation
Simulated XRD data were compared to determine differences due to dopant site, species,
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and magnetic coupling. Many simulation peaks share nearly identical 2θ locations of comparable
intensities. Sub doped structures with the same dopant species but different magnetic couplings
were found to be indistinguishable. The comparison of Fe-sub structures is found in Figure 3.17
and Mn-sub structures in Figure 3.18. These results seem sensible considering the similarity in
lattice parameters for the compared structures. As the choice of FM or AFM coupling little
altered lattice parameters, it was not expected it would alter XRD data significantly.

Figure 3.17. XRD comparison of sub-Fe structures.
Void doped structures showed less self-similarity than sub doped structures. Differences
in relative intensity for void-Fe structures can be seen in Figure 3.19 and more drastically in
Figure 3.20. The cause of these differences is unlikely to be directly related to lattice parameters
but to relative displacements of atoms within the unit cell: void doped structures evinced even
less structural change from the choice of magnetic coupling than sub structures.
Comparisons between the base titanate and the lowest energy couplings for each dopant
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Figure 3.18. XRD comparison of sub-Mn structures.

Figure 3.19. XRD comparison of void-Fe structures.
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Figure 3.20. XRD comparison of void-Mn structures.
species at a given site are found in Figure 3.21 and Figure 3.22. Peak locations for low-energy
sub structures were largely similar in the 0° to 25° range for 2θ. Peaks for the sub-AFM-Mn
structure were spaced further from the base and sub-FM-Fe cases (see the 30° mark in Figure
3.21).
This similarity between the base and low-energy sub structure XRD patterns was not seen
with low-energy void structures. Both void-FM-Fe and void-FM-Mn structures displayed an
identical peak which was displaced from the corresponding base peak by 1°. Little overlap of
peak locations and intensities was seen from the 25° to 30° range either.
Comparisons between the XRD plots of base structures and the lowest energy magnetic
couplings for a given dopant species and site are given in Figure 3.23 and Figure 3.24. There is a
tendency for the void structure peaks to be shifted rightward as compared the sub structure
peaks. Both the base and sub doped structures shared overlap of a prominent peak at
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Figure 3.21. XRD comparison of base and low-energy sub structures.

Figure 3.22. XRD comparison of base and low-energy void structures.
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Figure 3.23. XRD comparison of base and low-energy Fe-doped structures.

Figure 3.24. XRD comparison of base and low-energy Mn-doped structures.
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approximately 10°.
It is likely that both sub and void doping sites could be present in the samples. As the
various peaks may differ from each other in spacing by less than a degree, they make unreliable
indicators of either magnetic coupling or dopant site.

3.8. Core Level Excitation
Core level excitations were calculated in VASP for Fe-doped structures. The changes in
energy are reported in Table 3.9. Standard transition refers to the excitation of one electron from
a given atom; Slater’s transition excites 0.5 electrons. These energy values are not meaningful in
and of themselves; it is the relative spacing. Unfortunately, neither the raw values nor the relative
spacing between energy levels corresponded to experimental values. Further, electron excitation
(with a few exceptions) lowered the ground-state energy. This implies an increase in stability,
which does not seem a reasonable physical interpretation.

Table 3.9. Simulated core level excitations in (ΔeV) for Fe-doped structures.
structure
Fe2p
O1s
Ti2s
Ti2p
Ti3s
Standard transition
sub-FM-Fe
void-FM-Fe

Ti3p

-144.60
-145.37

-135.45
-135.46

15.10
-6.41

18.41
-3.91

-15.89
-42.00

-17.41
-42.22

Slater’s transition
sub-FM-Fe
void-FM-Fe

-66.42
-65.84

-60.42
-59.85

26.52
1.97

28.32
3.58

8.08
-18.04

7.90
-18.39

experiment peak values

700.00

530.00

564.00

460.00

63.00

37.00

Standard peak values for XPS are also included in Table 3.9. No similar differences (or at
least ratios thereof) could be observed between these peaks in the core excitation calculations.
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The results showed no correspondence with experimental standards.

3.9. Synthesis
The synthesized product formed a fibrous particulate in solution, as seen with the Mndoped sample in Figure 3.25. When dried, a white powder resulted for the base titanate (see
Figure 3.26). Fe doping resulted in a red tinged powder (Figure 3.27), while Mn doping resulted
in a brown tinged powder (Figure 3.28). Due to a departure from the synthesis method of
Kataoka et al.12 ( the omission of HCl during dilution), it is unknown to what extent the resultant
product was predominantly Na2Ti3O7 rather than H2Ti3O7. EDX and XPS both detected the
presence of sodium within the nanofibers, a fact which will be discussed in forthcoming sections.

Figure 3.25. Mn-doped titanate nanofibers in solution.
3.10. X-ray Diffraction Experiments
A comparison of all experimental titanates is found in Figure 3.29. The samples were
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Figure 3.26. Unmodified titanate powder on silicon wafer fragment.

Figure 3.27. Fe-doped titanate dried on silicon wafer fragment.
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Figure 3.28. Mn-doped titanate dried on silicon wafer fragment.

Figure 3.29. XRD comparison of experimental titanates.
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found to have analogous peaks at similar 2θ values. The most characteristic features were found
in the low-angle peaks. Most prominent was a high intensity peak at approximately 10°, shared
by both the unmodified and Fe-doped titanate and to a lesser extant by the Mn-doped sample
(which displays some broadening).
Another peak of shared position and intensity was found at approximately 16°. At 25°,
the Fe-doped and Mn-doped samples displayed a peak of similar intensity which was greater
than in the unmodified sample. The presence of this feature may identify a structural
commonality between the two doped samples.
Peak intensities were on average higher for the Fe-doped sample than the unmodified or
Mn-doped titanate in the 25° to 55° range. More variety in peak displacement and intensity were
also displayed in this range. Asymmetries in the experimental peaks (seen most clearly from 26°
to 30°) suggested multiple peaks conflated together. Peaks at approximately 35° in the
experimental section of both figures were likely a contribution from the Si substrate used.
Simulated XRD profiles were also compared to results derived from the synthesized
nanofibers. Figure 3.30 compares the simulated and experimental results for the unmodified
titanate. A discrepancy was immediately noted regarding the highest intensity peak near the 10°
mark. The simulation showed a low-intensity peak at approximately 10° and a much higher
intensity at approximately 11°, while the experiment’s corresponding highest intensity peak was
found at approximately 10° and a corresponding lower intensity peak was nowhere to be found
immediately to its left. The discrepancy in intensities is likely due to a preferred orientation in
the experimental samples.
Fe-doped nanofibers as well as simulated profiles of the sub-FM-Fe and void-FM-Fe
structures are found in Figure 3.31. Comparison between the XRD profiles of results for the
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Figure 3.30. XRD comparison of simulated and experimental unmodified titanate.

Figure 3.31. XRD comparison of simulated and experimental Fe-doped titanates.
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experimental Mn-doped nanofibers and simulated profiles for the sub-AFM-Mn and void-FMMn structures are found in Figure 3.32. A similar discrepancy regarding the peaks around the 10°
mark was present in the doped samples also.

Figure 3.32. XRD comparison of simulated and experimental Mn-doped titanates.
Low-intensity peaks at around 6° in the void-doped simulations may match features in
the experimental samples, which could favor a void-doping interpretation. This seems
particularly true for Mn-doped structures as several void-FM-Mn peaks (at approximately 25°,
30°, 37°, and 50°) match closely in positions with the experiment. To a lesser extent, this was
observed for sub-FM-Fe peaks also (at 15°, 25°, 30°, 34°, and 48°).

3.11. Scanning Electron Microscopy
SEM images of unmodified and doped titanates were obtained and used further to gather
EDX data. The morphology of the samples appeared to be cylindrical fibers with lengths
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extending into the micron range. Fiber widths could be estimated at approximately 400 nm for
the unmodified titanate (Figure 3.33), 70 nm for the Fe-doped fibers (Figure 3.34), and 250 nm
for the Mn-doped fibers (Figure 3.35).

Figure 3.33. SEM image of unmodified titanate.
The length scales displayed did not correspond to reported dimensions of titanate
nanotubes (lengths of up to 200 nm and diameters up to 15 nm1). Existing descriptions of
nanowires (with lengths of up to 1500 nm and diameters up to 60nm1) matched more closely the
Fe-doped sample. The unmodified and Mn-doped samples were multiple times thicker, and all
samples (included the Fe-doped fibers) were much longer than the nanowires in the literature. It
is unknown whether this is due to a difference in the synthesis protocol or the result of a phase
change during the interim between sample synthesis and characterization.
The quality of the SEM images did not allow easy determination of whether the observed
fibers exhibited any interior spaces comparable to the “rolled-up carpet” morphology of
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Figure 3.34. SEM image of Fe-doped titanate.

Figure 3.35. SEM image of Mn-doped titanate.
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nanotubes. However, the images of the Mn-doped sample revealed striations and bumps on its
surface superficially resembling an applied coating. Similar textures were suggested by regions
of jagged illumination on images of the Fe-doped samples.

3.12. Energy Dispersive X-ray
EDX data confirmed the incorporation of dopant into the samples. Appropriate line scans
were performed to illustrate this phenomenon. These scans (Fe-doped titanate in Figure 3.36 and
Mn-doped in Figure 3.37) confirmed that the peak values of dopants corresponded to the fiber as
opposed to the background (i.e. dopant related byproducts).
Point scans provided deeper insight into atomic concentrations. The peaks identified in
scans of the unmodified titanate (Figure 3.38), Fe-doped sample (Figure 3.39), and Mn-doped
sample (Figure 3.40) included not only results for titanium, oxygen, sodium and iron or
manganese, but also gold (at approximately 0.2 keV and 2.15 keV) and aluminum (at 1.45 keV).
The source of the gold peaks is the gold sputtering on the samples, but the source of the
aluminum peaks is unknown as aluminum was not included in the synthesis.
Atomic concentrations and normalized weight concentrations from the point scans are
found in Table 3.10 and Table 3.11. While these concentrations cannot be taken as prescriptive,
they do indicate a marked difference in comparison to the simulated structures. For example, the
percentage of oxygen in either the sub or void structures was 57% or 58% in contrast to the 75%
seen in experiment. Whereas the theoretical Ti-O ratio was 3:7, the samples showed a 1:5 ratio.
The simulated dopant concentrations of 2% were higher than those seen in the samples (< 0.4%).
These results may indicate the product has a different stoichiometry than either H2Ti3O7
or Na2Ti3O7. Additionally, the amount of dopant in the simulated models may be inflated in
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Figure 3.36. EDX line scan of Fe-doped titanate.
Table 3.10. EDX concentration measurements for Fe-doped titanate.
species
atomic concentration (at %)
norm. concentration (wt %)
O
75.75
56.03
Ti
15.6
34.53
Na
8.49
9.03
Fe
0.16
0.41

error (wt %)
2.6
0.4
0.2
0

Table 3.11. EDX concentration measurements for Mn-doped titanate.
species
atomic concentration (at %)
norm. concentration (wt %)
O
75.72
55.42
Ti
16.26
35.63
Na
7.66
8.06
Mn
0.35
0.89

error (wt %)
4.7
0.8
0.4
0
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Figure 3.37. EDX line scan of Mn-doped titanate.

Figure 3.38. EDX point scan of unmodified titanate.
comparison to experimental conditions.

3.13. X-ray Photoelectron Spectroscopy
XPS survey results for Fe-doped (Figure 3.41) and Mn-doped (Figure 3.42) titanates
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Figure 3.39. EDX point scan of Fe-doped titanate.

Figure 3.40. EDX point scan of Mn-doped titanate.
showed that peaks for all expected species were present. The C 1s carbon peak is adventitious
carbon, a contamination ubiquitous on air-exposed materials, and its presence should not be
considered anomalous45.
The peaks identified as Fe 2p1 (719 eV) and Fe 2p3 (710 eV) in Figure 3.41 may provide
some insight into the Fe dopant’s bonding behavior. The binding energy for the Fe 2p3 peak was
close to the values for FeO (709.4 eV), Fe2O3 (710.8 eV), and Fe3O4 (710.4 eV)46. It is unclear
from the XPS which, if any, of these compounds predominates, but the red color of the product
favors Fe2O3. How the Fe2O3 itself is integrated into the titanate remains unclear.
The Mn 2p peaks in Figure 3.42 are ambiguous. The labeled Mn 2p3 (640.5 eV)
corresponded to the peak for isolated Mn (639-641.4 eV)46. No peaks are present which would
correspond to two other likely possibilities: MnO (642 eV) and MnOOH (641.7 eV). If there is
any Mn-O bonding, its character is unclear from initial examination of these data.
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Figure 3.41. XPS survey of Fe-doped titanate.

Figure 3.42. XPS survey of Mn-doped titanate.
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Results for the Mn-doped titanate appear less smooth for the Fe-doped variant; this (and
other difficulties) may be related to the specific chemistry of manganese. The noise is
problematic considering the intended purpose of XPS: looking for specific chemical bonds. As
the EDX already indicated the dopant concentrations in the samples are lower than expected, so
too did the XPS indicate low intensity for the dopant peaks.
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4. Conclusion
The hypothesis was that data extrapolated from a model of a doped layered titanate unit
cell could be matched to experimental data to determine which doping possibilities were most
likely. Answers to such questions as, “Did the nanofibers exhibit substitutional doping or void
doping?” or “Were the dopants antiferro- or ferromagnetically coupled?” were expected.
Unfortunately, few satisfactory conclusions can be drawn from these comparisons.
There was little practical difference in crystal structure amongst the doping models. The
best experimental tool for confirming these differences was x-ray diffraction, but the noisiness of
the data made extracting information on the crystal structure difficult. These results, while
discouraging, are not surprising. The literature has repeatedly questioned the utility of x-ray
diffraction studies in determining the structure of layered titanates. If it is difficult for such
techniques to tell the difference between a dititanate and a trititanate, then the nanofiber
structures are likely to remain opaque to all but the most discerning tools (such as the neutron
diffraction used by Kataoka et al.12 to settle the debate on the structure of H2Ti3O7).
Whether sub or void doping predominates in the nanofibers remains unclear. While this
research confined itself to these two possibilities, there is doubtless a range of possibilities.
Interstitial doping (forcible integration into the titania octahedra rather than replacement of
titanium atoms) was not considered at all. Even this research’s treatment of void doping raises
questions. Void doping was shown to be more energetically favorable than sub doping, but this
seems to conflict with other data. Bader charge analysis suggested dopants floating in the
interlayer space would bond to the octahedra complexes, but it can be seen during a time-lapse of
the DFT relaxation that the dopants continue to move freely within the void. Further, visual
examination of the product suggests Fe-O and Mn-O bonding just by color alone. If void doping
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consists only of loose or no bonding at all, then different properties should manifest.
It is possible the void doping case may instead be a specialized type of interstitial doping,
where the dopant attaches to the octahedral complexes but does not force itself into the existing
arrangement. Other avenues are suggested to investigate this possibility. One method would be
to expose doped nanofibers to a process which would interact strongly with unbonded iron or
manganese but which would not interact strongly with bonded dopants or the titanates
themselves. Such a reaction might display even lower intensity if sub doping predominated due
to the dopants being protected by their cages of oxygen atoms. Such an experiment, if possible,
could clarify dopant site possibilities.
The presence of sodium in what was supposed to be doped H2Ti3O7 was indicated by
EDX and XPS studies; this indicates a need to reexamine the synthesis procedure. The omission
of HCl treatment in favor solely of washing with distilled water may make it more difficult to
successfully exchange sodium ions in the interlayer for hydrogen. Whether the product is
H2Ti3O7 or Na2Ti3O7 would have little effect on the products’ crystal structure12, but even those
minute differences could be reflected in characterization. As the computational models are based
on complete ion-exchange, either the models must be modified to embody Na2Ti3O7, or the
products must be washed more thoroughly. This will strengthen the alignment between
simulation and experiment.
Another avenue of investigation relates to morphology. The nanofibers exhibited
dimensions greater by far than values reported in the literature. The coating-like structures
visible in some of the SEM images provide another mystery. It may be more profitable to expand
the scale of the simulated structures past that of the unit cell to the level of the nanofiber itself.
The resulting simulation would resemble more closely the existing computational work on
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layered titanates. It would also allow for the refinement of the models to reflect the low dopant
concentration suggested by the EDX data; the assumption of one dopant atom per unit cell was
apparently extravagant. Future research along this direction should begin with a feasibility of the
computational resources required. Tens of thousands of processor hours over several months
were required to generate each current structural model. An increase in the size of the system to
the nanofiber would necessitate an even greater increase in resources. However, such simulations
may generate structural data more germane to the product.
Finally, some simulated data has not yet been compared to experiment. Predicted band
gaps and magnetic properties are currently untested. Magnetometer studies and ultravioletvisible spectroscopy (UV-Vis) would be reasonable next steps in the characterization process.
In conclusion, this research attempted something novel, a new synthesis combined with a
new scale of simulation. If it has not achieved even imperfect corroboration of simulation and
experiment, this work will still inform more productive investigations in the future. The best
course is now to consider carefully what has been done, and then plan – all the way to the end –
for what may come after.
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Appendix A: Description of Research for Popular Publication
Every day, researchers generate nanostructures with remarkable qualities. (For example,
graphene promises near perfect electrical conductivity, and a single atom thick sheet of it
wouldn’t crack under the weight of an elephant.) These nanostructures typically have one other
thing in common besides their sci-fi like character: they are exceedingly hard to mass-produce.
Layered titanates, however, are an exception.
Layered titanates are a specialized form of titanium dioxide, a white pigment found in
everything from sunblock to powdered donuts. At the scale of individual atoms, layered titanates
resemble flat sheets that spontaneously roll-up like carpets to produce tubes. The inner surfaces
of these crystals can be modified to serve many purposes, including removing lead from drinking
water, making better lithium-ion batteries, improving solar cells, and even healing brittle bones.
Best of all, these intricate nanostructures can be made by a simple method which uses cheap
ingredients with existing industrial equipment.
The chemistry of layered titanates is still mysterious. It’s hard to know how their crystal
structure changes when doped with other atoms, and how this affects their properties. Applied
researchers need these insights to make layered titanates a valuable product instead of just a
curiosity. That’s why a collaborative research partnership between the departments of Physics
and Chemistry was formed at the University of Arkansas to determine how doping layered
titanates changes their atom-by-atom structure.
The research compares results derived from computer models of layered titanate
nanofibers with those derived from experiment. Quantum physics simulations done on
supercomputers at the Arkansas High Performance Computing Center generate the expected
physical properties for layered titanates. These predicted properties change depending on where
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extra atoms of materials like iron are added to the model. The predictions are then compared to
experiment. The closer the match between simulation and experiment, the more likely the
computer model matches reality. This hybrid approach avoids the need for more expensive and
difficult experiments.
The researchers are optimistic their hybrid experiment-simulation approach could be a
route to better investigate other materials as well, but for now they are focused on cheap,
versatile layered titanates.
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Appendix B: Executive Summary of Newly Created Intellectual Property
B.1.

A method was created to dope layered titanate nanofibers with transition metal dopants

(iron or manganese) by adding such dopants to the solution prior to the heating step of the
alkaline hydrothermal synthesis method.

69

Appendix C: Potential Patent and Commercialization Aspects of Intellectual Property
C.1. Patentability of Intellectual Property
The method of doping the layered titanate nanofibers is original but may be considered
non-obvious to a person having ordinary skill in the art. Specific applications of the nanofibers
may be patentable, but such applications are beyond the scope of this research.

C.2. Commercialization Prospects
The layered titanate doping method has low commercialization potential due to a lack of
market presence for layered titanates: no applications have proven useful enough to encourage
their mass manufacture, and so there are no firms who have need of a doping method.

C.3. Possible Prior Disclosure of IP
The layered titanate doping method has been described in general terms at one
conference (233rd Meeting of the Electrochemistry Society, Seattle WA, 2018) as well as other
public presentations. Specific molar percentages and precursors used were not mentioned.
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Appendix D: Broader Impact of Research
D.1. Applicability of Research Methods to Other Problems
The hybridized simulation-experiment structure described in this manuscript could be
applied to any substance whose crystal structure allows for multiple possible sites of dopant
integration. These methods are more likely to be successful if applied to crystals with simpler
structures and morphologies, such as layered titanate-derived titanium oxide nanosheets.

D.2. Impact of Research Results on U.S. and Global Society
This research expands the scope of fundamental science for layered titanate compounds.
It is of most interest for the fields of nanomaterial chemistry and computational
chemistry/physics of low-dimension substances. As layered titanates are being researched for
applications in energy storage, surface coatings, chemical modification, and drug-delivery, they
will continue to be modified to better suit each purpose, and this research may be helpful for
describing their properties after transition metal doping.

D.3. Impact of Research Results on the Environment
This research is intended to spur application of layered titanates, which can be
manufactured using abundant titanium dioxide and sodium hydroxide, with the synthesis having
little adverse environmental impact. The outputs could be used for improved efficiency in
lithium-ion batteries and solar cells, for the catalytic production of fuels, and the treatment of
polluted water. Layered titanates thus have potential to further sustainability by increasing the
efficiency of alternative energy sources, producing fuels without affecting the environment, or
directly cleaning water.
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Appendix E: Microsoft Project for M.S. MicroEP Degree Plan

72

Appendix F: Identification of All Software Used in Research and Thesis Generation
Computer #1:
Model Number: Dell OptiPlex 3040
Serial Number: GL8V052
Location: PHYS 239
Owner: Dept. of Physics, University of Arkansas
Computer #2:
Serial Number: N/A
Location: Residence
Owner: Caleb Heath
Software #1:
Name: Microsoft Office 365 ProPlus
Owner: University of Arkansas Site License
Software #2:
Name: MATLAB R2016b
Owner: University of Arkansas Site License
Software #3:
Name: Inkscape 0.92
Owner: Caleb Heath
Software #4:
Name: QtGrace v0.2.5a
Owner: Caleb Heath
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Software #5:
Name: VESTA 3.3.9
Owner: Caleb Heath
Software #6:
Name: VASP
Owner: Barraza-Lopez Group, Dept. of Physics, University of Arkansas
Software #7:
Name: Phonopy
Owner: Arkansas High Performance Computing Center
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Appendix G: All Publications Published, Submitted and Planned
Heath, Caleb; Cole, Parker, Kaloni, Thaneshwor; Tian, Z. Ryan; Barraza-Lopez, Salvador.
Towards Magnetically Doped Layered Titanates. Submitted to Journal of Physical Chemistry C.
Submitted, denied by editor, resubmitted, then rejected by all reviewers.

Heath, Caleb; Cole, Parker, Kaloni, Thaneshwor; Tian, Z. Ryan; Barraza-Lopez, Salvador.
Holistic Study of Doped Layered Titanate Nanofibers. Presentation at the 233rd ECS Meeting in
Seattle, WA USA. May 2018.
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